ADDITIONAL INDEX WORDS. Solanum tuberosum, petiole sap nitrate concentration, leaf chlorophyll index, canopy reflectance, leaf chlorophyll fluorescence, remote sensing SUMMARY. A decision support system (DSS) was based on the splitting of total nitrogen (N) fertilizer application combined with in-season assessments of crop N requirements aimed to matching, at field scale, potato (Solanum tuberosum) total crop N requirements and mineral N supply from soil and fertilizers. After the preplanting establishment of the total N recommendation based on the predictive balance-sheet method at a specific field scale, 70% of the recommended amount was applied to the crop at planting. Subsequently, at 20-50 days after emergence (DAE) the need for supplemental N was assessed through noninvasive measurements of leaf chlorophyll concentration directly in the field. A simple conditional relationship was established to support potato growers' decisions on the usefulness of applying the remaining 30% N. This required a crop N status (CNS) assessment in the fertilized field and within a small, untreated area (zero-N for reference). The strategy developed is economically feasible, easy to operate, and validated for several potato varieties. It also gives the grower the possibility of improving N use efficiency (NUE). Several tools to assess CNS have been investigated, or are currently being investigated, at the Walloon Agricultural Research Center in Gembloux, Belgium (CRA-W) for integration into this strategy. All the tools are evaluated for four main characteristics: measurement accuracy and precision, sensitivity to N, specificity to N, and feasibility. There are invasive or noninvasive tools. The use of a chlorophyll meter (CM) has been currently developed in the DSS. Current CRA-W research is investigating the potential of crop light reflectance as an indicator of CNS (ground-based radiometers for near remote sensing and satellite multispectral imagery for spatial remote sensing).
I
mproving NUE is important for potato crops because of their relatively poor ability to take up available soil N. Either excess N or N deficiency can have detrimental effects on yield, tuber quality, and the environment. However, potato producers in developed countries are under increasing pressure to maintain profitability within new environmental constraints, such as the European Union (EU) nitrates directive 91/ 676/EEC (EU, 1991) , the EU water framework directive 2000/60/EC (EU, 2000) , and the recent increases in N fertilizer prices that should encourage more careful input management.
It is therefore essential to develop tools and strategies for potato farmers that help them apply the right amount of N at the right time in the right place. Splitting mineral N fertilizer applications is a suitable approach for matching N need and supply in a dynamic way (Vos and MacKerron, 2000) . In-season crop N monitoring methods for assessing CNS are therefore required to support such strategies. These methods need, however, to have four main characteristics: measurement accuracy and precision (meaning that the measurements related to CNS are near the true value and also repeatable), sensitivity to CNS (meaning that early detection of deficiency in CNS should be possible to still be able to add useful supplemental N for crop growth), specificity to CNS (meaning that the measurements should ideally be exclusively related to N supply and to plant N concentration without interference from other external factors), and feasibility (meaning that if a wider use of the tool by farmers or consultants as a guide to supplemental N fertilizer application is desirable, it should be easy to employ, cheap, and fast to provide results).
This article presents a summary of a DSS developed by the Walloon Agricultural Research Center in Gembloux, Belgium, for the potato crop, and aimed at improving N supply management and NUE, together with a short review of existing tools and those currently being investigated for assessing potato CNS. The detailed information of this review can be found in Goffart and Olivier (2004) , Goffart et al. (2005 Goffart et al. ( , 2008 , and Olivier et al. (2006) .
Presentation of a DSS for N fertilization management of potato crops
The development of a DSS for N fertilization management was based on the combination of a field-scale N recommendation rate set in terms of the N budget and of crop N monitoring . Figure  1 summarizes the DSS steps. The recommended N rate is given using Azobil/Azofert software (Machet et al., 2007) , a provisional balance-based model applied at a specific field scale at the start of the growing season and developed in northern France by the Institut National de la Recherche Agronomique in Laon. It takes into account the crop N requirement in relation to the forecasted yield, soil mineral N supply measured near planting time, and an estimate of soil mineral N supply during the forthcoming growing season. The application of only 70% of the recommended N rate allows a decision to be made on the need to apply the remaining 30% through in where HNT 70 is the CM reading (mean of 30 readings) in the field receiving 70% of the recommended N rate, HNT 0 is the CM reading (mean of 30 readings) in the zero-N reference plot, N 70 is the applied N rate representing 70% of the recommended N rate, and the varietal coefficient is the coefficient link to the cropped potato variety (e.g., 0.5 for 'Bintje'). The use of the DSS was validated in Belgium at 40 experimental sites out of 42, using the variety Bintje, from 1997 to 2007 (Table 1 ). The decision was validated taking into account at harvest four parameters influenced by N: total yield, percentage in large size tubers, tuber dry matter content, and residual mineral N in the soil. The validation of the decision to apply or not the remaining supplemental 30% N was based on the combination of these four effects (Olivier et al., 2006) . Supplemental N was required in 65% of the situations, meaning that 30% of the provisional recommended N rate could be saved in 35% of the fields. The DSS also led to improved NUE through N saving or applying supplemental N fertilizer (Goffart et al., 2005) .
Methods used for assessing potato CNS
In the DSS, the assessment of leaf chlorophyll concentration through the chlorophyll index with a CM was selected to assess CNS. However, potato N monitoring for CNS assessment can be operated at different scales: plant tissues, leaf, whole plant and canopy ( Table 2) .
The commonly used plant tissue methods, which require invasive sampling of the plant or plant parts, are extensively reviewed by Haase et al. (2000) . These are Kjeldhal digestion, Dumas combustion, and near-IR spectroscopy analysis. Ion-specific potentiometry (nitrate-specific electrodes) or nitrate test strips combined with a reflectometer are used to determine the petiole sap nitrate concentration (PSNC), considered to be an indicator of potato CNS. Apart from these two last methods, methods based on plant tissue analysis are generally expensive, labor intensive, and not suitable for infield monitoring. The PSNC test was developed by scientists in the United States (e.g., Gardner and Jones, 1975; Williams and Maier, 1990) , who showed that petiole nitrate concentration expressed on a dry matter basis is a reliable index of the current CNS of potato and a sensitive indicator of N uptake activity throughout the growing season. Other researchers developed a faster test using the nitrate concentration of the petiole sap (e.g., Errebhi et al., 1998) . In Europe, the PSNC test was scrutinized by several scientists (e.g., Olivier et al., 1999; Olivier and Goffart 2002; Van Loon et al., 1987) . A critical assessment of the PSNC test revealed several weaknesses (MacKerron et al., 1995) .
At the leaf or plant scale, several noninvasive methods reviewed by Booij et al. (2000) are available or have been studied (e.g., CMs, chroma meters, chlorophyll fluorescence). The most commonly used near sensing method is based on taking measurements with a CM device that can relate to leaf chlorophyll concentration. A very good and comprehensive review on the use and potential of CM devices [HNT and model SPAD 502 (Minolta, Osaka, Japan)] for assessing the potato CNS was provided by Gianquinto et al. (2004) . Leaf chlorophyll fluorescencebased methods are also being investigated for crop N monitoring (Tremblay, 2004) . These methods are based on leaf chlorophyll fluorescence induced by ultraviolet radiation and visible radiation and on measurements of the absorbance of ultraviolet wavelength by epidermal leaf polyphenolic compounds (Campbell et al., 2007) . Currently being investigated at CRA-W, these methods have a potentially higher sensitivity to CNS because a change in polyphenolics concentration (flavonoïds) related to the CNS, and therefore fluorescence, can be detected before chlorophyll concentration and leaf area index (LAI) are modified (Cartelat et al., 2005) . Recently, the noninvasive and hand-held Dualex and Multiplex devices (Force-A, Paris, France) were developed for assessing CNS. They were investigated for the assessment of corn N status by Tremblay et al. (2007) and Zhang and Tremblay (2010) , and they are currently being investigated at CRA-W for the assessment of potato CNS. At the canopy scale, most of the usable methods for crop monitoring are noninvasive, relying on measurements of light transmitted below the canopy or reflected above it. They belong to the remote sensing methodology (based on spectral canopy properties) that can be operated at different spatial scales: ground-based, airborne, or space-based (Hatfield et al., 2008; Jongschaap, 2006; Tremblay, 2004) . They all seek to estimate canopy structure parameters, mainly LAI, based on the knowledge that plant N, leaf chlorophyll, and LAI are strongly related variables (Lemaire, 1997) . Common tools being investigated for ground-based remote sensing for potato crops include the Cropscan field hand-held passive radiometer system (Cropscan, Rochester, MN) first tested on potatoes in Europe by Booij and Uenk (2004) , but still under investigation at CRA-W. It also includes the N-sensor (Yara) tested and developed in Europe (a canopy reflection-based system with four tractor-mounted passive or active sensors; Link et al., 2002) and the Greenseeker (NTech Industries, Ukiah, CA,) or Crop Circle (Holland Scientific, Lincoln, NE) with active sensor tested in the United States (more information of both devices can be found in Samborski et al., 2009) . Using leaf or canopy reflectance at different wavelength bands allows vegetation indices (VIs) to be calculated and used for CNS assessment. Ground-based canopy light reflectance readings with ground-based Cropscan radiometer have the advantage of integrating a larger sampling area at each reading and involving less labor than the use of the CM. However, particularly for the potato crop, VIs also have to incorporate the fact that canopy spectral responses are modified by the proportion of vegetation cover and exposed soil and that the architectural arrangement of stems and leaves varies with plant growth. Specific VIs such as the soiladjusted vegetation index [SAVI (Huete, 1988) ], the optimized SAVI (Rondeaux et al., 1996) , and the transformed SAVI (Wiegand et al., 1991) have been developed to reduce or remove background soil effect. However, hand-held ground-based radiometers are generally not easy to use as they were intended for scientific use rather than by growers. Some easier to use commercial devices measure crop light reflectance at similar wavelength bands (red and near-IR) used for the CM. This is the case with the hand-held equipment known as Grande Paroisse Azote (GPN; AZFEurope Sol, Toulouse, France), a hand-held ground-based radiometer using a 1-m-long probe equipped at its end with a sensing head, designed for easy and quick use in the field. The drawback of this device is that its sensitivity is slightly lower than that of the CM [HNT and SPAD 502 (J.P. Goffart, unpublished data)]. Its major advantage is its feasibility because it can provide quick readings, while walking through the canopy.
The potential of the most commonly available methods tested at CRA-W in the last decade for assessing potato CNS is outlined in Table 3 .
Based on canopy reflectance properties as ground-based near remote sensing, airborne and space-based remote sensing depend mainly on acquiring aerial and satellite numerical images, either at the field or regional scale. Airborne and space-based remote sensing technologies are fast developing fields of investigation for platforms (manned or unmanned crafts and airplanes, and satellite platforms) and for radiometric, spectral, spatial, and temporal resolutions. The use of high-spatial resolution satellite sensors such as the Satellite Pour l'Observation de la Terre-5 [SPOT-5 (10 m for multispectral image)] also is currently being investigated at CRA-W (Goffart et al., 2010) for assessing the potato CNS. 
Conclusion and perspectives
The assessment of in-season potato CNS, together with split fertilizer application is better suited to N crop need and N supply. A reliable DSS combining N balance models with tools developed for in-season CNS monitoring has been developed. The CRA-W chlorophyll-based DSS is a good example of a practical approach for growers. Its main limitation is the accurate assessment of the amount of N to be supplemented when observations indicate that a deficiency is present or imminent. However, if in the future, methods such as fast leaf chlorophyll assessment are combined with improved potato growth simulation models, they will probably be able to meet this challenge.
From the different methods for potato CNS assessment developed over the years, remotely sensed above-crop reflectance measurements are potentially the most promising, mainly because they can integrate canopy depth and larger canopy areas better than other methods. Obtaining detailed and spatially specific temporal information using methods such as the PSNC test or the CM test is difficult, labor-intensive, and expensive. In addition, airborne or space-based remote sensing imagery is not limited by sampling interval or geostatistical interpolation, as is the case with grid-sampled soil or plant test data. However, its feasibility, accuracy, and sensitivity require more in-depth research on the best platforms to use to collect information (ground-based, airborne, or spacebased remote sensing). z PSNC = petiole sap nitrate concentration, SPAD/HNT = SPAD 502 (Minolta, Osaka, Japan)/Hydro N-tester (Yara, Oslo, Norway) hand-held chlorophyll meters, GPN = Grande Paroisse Azote (AZF-Europe Sol, Toulouse, France) commercial hand-held radiometer. Cropscan = Cropscan (Cropscan, Rochester, MN) hand-held radiometer; +,++,+++ favorable but low, medium, and high, respectively; -, --, ---unfavourable but low, medium, and high, respectively.
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